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PASSIVE NEUTRON MEASUREMENTS AND CALCULATIONS
OF IRRADIATED PWR FUEL ASSEMBLIES

J.R. Phillips, J.K. Halbig, and G.E. Bosler
University of California
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

Passive neutron measurement of spent-fuel
assembiies is a convenient and rapid technique
for verifying operator-deciared exposure values.
Experimental results have been obtained for a
wide variety of pressurized-water reactor fuel
assenblies at reactor and away-from-reactor stor-
age facilities, Calculations using a single-point
depletion code have been performed to evaluate
and guantify the effects of various initial fuel
parameters and ijrragiation histories on the neu-
tron source strengths in spent-fuel assemblies.

1, Introduction

Passive neutron measurement of spent-fuel
assemblies is a convenient and rapid technique
for veritying operator-declared exposure values
to satisfy both safeguards and facility-operator
requirements. The instrumentation is simple to
operate and the acquired data are reasonably easy
to analyze. To demonstrate the applicability of
the technique to satisfy International Atomic
Energy Agency (IAEA) safeguards requirements and
to establish a data base, ongoii.g measurements
are being made on various spent-fuel assemblies,
To date, 36 pressurized-water reactor (PWR) fuel
assemblies have been examined at a3 reactdr storage
facility, and 17 assemblies from four different
reactors have been examined at an away-from-
reactor (AFR) facility.

Parametric studies were performed to quantify
the effects of initial fuel parameters and irra-
diation histories on the depletion and production
of actinide isotopes in spent-fuel assemblies, A
calculational model based upon a PWR-type design
was used for these investigations,

2, Experimenta) Measurements

Power Reactor Storage Facility,

Neutron emission rates for 36 PWR fue) assen
blies with declared exposures rrnging from 18.8
to 3.0 GWd/tU were measured, The detector
consisted of two fission chambers (165 mg 235y
each) placed horizontally on opposite sides of the
fuel assembly to reduce positicning effects.
C..0oling times since ggschmo ranged from 4 to 40
months.  Initial 235 enrichments were 2.25,
2.R0, and 3.30 wtX for exposures at 20, 30, and
soove 35 GWd/tU, respectively. Results from these
nedsurements are shown in Fig. 1 in which the
d-month data have been denoted differently., There
are two principal sources of neutrons in tswt-
fuel assemblies above 120 GWd/tU; namel Cm
(t1)2 = 0.4456 yr) and Z84cm (ty)r = lg.lyr).
Beuause of the half-1ife differences of thess two
fsotopes, neutron emisgions for assemblies with
3229 cooling times (>2 yr) are primarily {rom

Cm. For short cooling uw both {sutopes
contribute. The influence of “4¢Cm 43 giown in
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Fig. 1. Experimental results for 36 PWR spent-
fuel assemblies having cooling times. of 4 to 40
months . .

the 4-month data in Fig. ) by increasing the meas-
ured neutron ratez :bove that which would be ex-
pected if only 244cm were contributing to the
rate.

For exposuras above 10 GwWd/tU, data like those
in Fig. 1 can be represented by a power-function
correlation of the form:

Neutron emission rate = o *(exposure)® , (1)
where o is a scaling parameter and B ranges in
value from 3.0 to 4.0 depending on the fuel be1n2
measured. Using this relationship the slope o
the line given in Fig. 1 is 3.0,

Away-From-Reactor Storage Facility

A spent-fue! measurament system was installed
in the receiving pool of an AFR storage facility
to demonstrate the applicability of passive nau-
tron techniques 1in a facility that had a very
Jimited amount of available space. The system
(Fig. 2) consisted of a pipe containing the de-
tectors and & V-shaped positioning device into
which the corner of the fuel assembly could be
correctly positioned. The detector tube (Fig. 3)
consinted of three detectors: (1) & fission cham-
ber to measure the neaution emission rate, (2) an
fon chamber to determine the gross gamma dose
rate, and (3) a Be(y,n) detector that is sensitive
only to yamma ays with energies abr e 1,66 MeV.
This detector package was used to measure tha
neutron emission ratcs of 17 spent-fuel assemblias
from 3 pressurized-water and 1 boiling water re-
actors. The exposure ronge was 10-40 uWd/tU for
the PWR assemblies and b GWwd/tU fcr the boiling-
water reactov (BWR) assembly, Two objectives of
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Fig. 4, Relative neutron count rates of the four

corners of seven PwR fuel assemplies.

the measurements were the aetermination of 1tne
repreaucitilaty of replicate measurements ang tre
quantification of gifferences 1n measyrements oG-
tatneg at the four corners of the same fuel as-
semply Precisions of 1.0 for tne neutron, 0.5
itor tne gross gamma, ang 1.5° for tne Bety,n)
maasurements were Obtaineq.

variations 1in tne neutron measurements Gh-
tarneg at the four corners at tne same axial po-
Sition are shown 1n Fig. 4 for a set of seven Pwk
fuel assemplies witn similiar exposures. wnile
gifferences in the irgivigual corner meacurements
variea up to 4G%, tne sum of the four corners var-
1ieg from assemply to assemoly Oy nc more than 15 ..

3. Caiculational Resylts

Neutron Sources in PwR Fuels,

The production ang gepleton of actinige 1so-
topes have been calculates for typical PwR-type
fuel aasemolios using & single-point gepletion
cooe.2:3  Exposures from 0 to 50 Gwa/tu were
Simulated to represent tne complete range of
exposures that an experimenter may have tc meas-
ure, Atom densities .r eacn actinige 1sotope
wire cdlculated at 35 exposure steps.

Table ] snows & comparigson of the calculates
ang experimentally measurec values® for a se-
lectea ser of 1i0topes. Tne agreement petweer
tne twd values 15 very gooo, with tne 1s0topes
naving large aerrors Dpeing more oi1fficult to
meAsure experimgntally,

Meutron source rates from eacn 1sotope were
calculats~ as a function of expOsure ang cooling
time (up to 120 montns). Representative results
from these calculations are given 1n Figs. 5 ang
6 for exposures nf 10.8 ana 29.5 Gwa/tu. As men-
tiongg 1n 523 previous !nction. the twdo Curium
Ts0topes, Cn ana 243Cm,  are ths  gominant
sources of neutrons for fuel assemdlies witn @x-
posures apove 59 Gwa/tu. Because of the 0.4456-)r
half-11fe of ¢42Cm tnig 1sotope 13 only a $ig-
nificent contriputor during the firgt twe y@ars
’x e¢r discharge from the reactor. Tngrefors,

Cm 13 the principsl source of neutrons In
most  ilght-wAter ‘”'"}1!"" atsamplies.  The
domingnt influence of <44Cm 13 seen 1n Fig, 7
43 the curves merge after two years of cooling



TABLE 1
COMPARISON OF MEASURED AND CALCULKTED VALUES

Measureﬂ‘ Calculated Percent

Quantity ~Value VaTue Ditferences
Burnup

At. %

Fission 3.221 3.22) +0.00
Expc ure

Gwa/tu 30.92 31.19 +0.89
U-234/V 0.00014 0.00012 ~12.81
U-235/V 0.00612 0.00588 -3.84
U-236/4 0.00352 0. 00357 .52
U-238/U 0.99022 0.42N43 +0.02
Py~238 /Pu 0.01676 0.014%2 ~13.35
Pu-239 /Pu 0.54261 0.53966 ~0.54
$y-240/Pu 0.25101 0. 23002 -4.3
Pu-241(Pu 0.12998 0.13772 +5.95
Pu-242/Pu 0.05964 0.06807 +11.41
Pu-239/U-238 0.00518 0.00496 -4,28
Nd-148/U-238 0.00057 0. 00059 +3.96

*[sotopes with large errors (>10°) are difficult
to measure experimentally,

time. The slope of a power function (Eq. 1)
fitted to the calculational results between 10
and 50 GWd/tU 1s 3.6. These neutron source rates
do not include any correction for transport of
the neutrons turough the fue)l material and water
to the detector.

Calculatfonally estimated values for &%4¢m
cenrrqlate very well with the total fissile inven-
Wry in the fuel material as shown in Fig, 8,
Figure 9 shows a similar plot of the tota) source
neutron rate as a function of the remaining fis-
sile inventory in & fuel assembly for various
cooling times. The functional relationship s
single-valued and linear between 10 an¢ S0 GWwd/ty
on the semi-log plot. Similar plots of neutron
source rate vs _total plutonium gnd vs total
olutonfum minus 29%Py are shown in Figs. 10 and
11, respectively. In each of the piots ({Figs,
9-11) the influence of 232(m on the neutron
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Fig. 5. Neutron “ource rata for the five most
prominent contributors to the total rate for an
exposure of 10.8 Gwd/ty,
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Fig. 6. Neutron source rate for the five most

prominent contributors to the total rate for an
exposure of 29.5 GWd/tU.
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source strength is only significant for short
cooling times (<2 yr). Such correlations have
been used to successfully predict plutonium con-
tent in spent-fuel assemblies,

The isotopic composition of the plutonium
changes significantly as a function of exposure.
Figure 12 shows the percentage of total plutonium
for each 1aotope as exposure increases. At 50
Gwd/tu, 240py "would be eﬁ;cted to be about
one-half as large as the Pu fraction. With
curves such as those in Fig., 12 and information
Sﬁ total plutonium content (obtained from

4cm vs total plutonium correlations), esti-
mates could be made on plutonium jsotopic compo-
sition,

4. Conclusions

Applicability of passive neutron measurements
of spent-fuel assemblies has been evaluated ex-
perimentally and calculationally. Experimental
results for 36 PWR fuel assemblies indicate that
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the measured neutron rate correlates with
operator-declared values of exposure as a power
function. Precise measurements can be obtained
rapidly, requiring only 1-2 minutes measurement
time. These measurements must be performed on
more than one corner or side of the fuel assem-
bly because significant differences have been
found between corners of the same fuel assembly.

Calculational techniques have ?&en used to
examine correlations between the Cm concen-
tration and the total fissile material and tota)
plutonium remaining in the fuel assembly. These
calculational techniques have allowed us to ex-
plore the applicability of these correlations
and other correlations in an extended exposure
range (50 GWd/tU) where experimental data are
not presently available.
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